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TRANSITION TO DOUBLE MACH STEM FOR NUCLEAR EXPLOSION AT
104 FT HEIGHT OF BURST

I. INTRODUCTION

In a nuclear height-of-burst (HOB) detonation the spherical blast

wave reflects from the ground, initially producing a regular reflection

region. When the shock reaches a ground range approximately equal to the

HOB an abrupt transition to Mach reflection occurs. This transition is

responsible for an airblast environment more severe than the surface burst

nuclear case. Qualitatively, it can be thought of as a partial flow stagnation

in the Mach region that leads to the production of two static pressure peaks.

A 1 Kiloton (1 KT) atmospheric nuclear explosion at a HOB of 104 feet has

been simulated using the two dimensional FAST2D code (Ref .1). Figure 1

illustrates the shock structure. The calculation predicts the transition of the

shock from regular reflection to double Mach reflection. Because the

spherical waves are expanding and thus decreasing in Mach number as well as angle of

incidence with the ground, they create a dynamic Mach stem formation. In comparision

to planar shocks on wedges one finds them to be qualitatively alike. The appearance of

double peaks in the pressure and density profiles (versus time and distance) is

interpreted as the point of transition. Other interesting phenomena such as the

rollup of the contact surface generating a vortex ring and' the associated

phenomenon of toeing out of the first Mach stem can be observed.

The ability of the calculation to accurately predict the gasdynamic effects

both temporally and spatially is due in part to the shock capturing and adaptive

rezone features of the FAST2D code. A minimal number of very fine zones was placed

around the shock front and these zones then moved with the first Mach stem to

prevent shock smearing and distortion. This calculation is the first attempt to

model the nuclear HOB case through the use of a Flux-Corrected Transport (FCT)

algorithm (Ref. 2).

Manuscript submitted August 24, 1981.
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Fig. 1 -Mach stein structure from HOB
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The results of this caiculdtion agree well with the pressure-distance

curve generated by the high explosive (HE) data of Carpenter (Ref. 3) and the

analysis of Kuhl (R.ef. 4). The peak overpressure of the first shock at -he time

of transition is about 4300 psi. Our simulation was run to 11.6 ms (total

time with to = 3.76 ins), which corresponds to pressure peaks of about 2000 psi.

In the regular reflection region the peak values tend to be about 20% low due to

the clipping of the FCT algorithm and inaccuracies in the initialization of the

flow. Reducing the minimum zone size from 5 cm to 1 cm in a one-dimensional

test calculation eliminated this discrepancy, however. In the two-peak regions

the agreement between the experimental data and the values presented here is

very good. The resolution of the calculation is adequate for studying quali-

tatively the characteristics of the flow field. For future work we recomnmend~

that the transition regio n be explored with improved resolution.
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II. DESIGN OF PROBLEM

The problem of a I-KT nuclear detonation at 104 ft (31.7m) HOB was chosen

since it can be scaled conveniently to various HE tests. The use of the lKT

standard is also expendient; one could, however, have used realistic initial

conditions, such as the Los Alamos Scientific Laboratory RADFLO or Air Force

Weapons Laboratory (AFWL) SPUTTER calculations. A simple constant ambient

atmosphere was used with a density of 1.22 x 10- 3 g/cm3 and pressure 1.01 x

6 210 dyne/cm . To relate the energy and mass densities to the pressure,

a real-air equation of state (EOS) was used. This "table-lookup" EOS is derived

from Gilmore's data (Ref. 5.) and has been vectorized for the TI Advanced

Scientific Computer at NRL (Ref. 6). Figure 2 illustrates the effective gamma

versus specific energy per unit mass for different values of the density. The

internal energy density used in the call to the EOS is found by subtracting

kinetic energy from the total energy; this can be negative due to phase errors

in the fluid variables. When this occurs, the value of the pressure is reset to

zero.

The transition from regular reflection to double Mach reflection is known to

occur at a ground range approximately equal to the HOB. Therefore, the size of the

mesh should be roughly twice the HOB in both directions. The upper boundary

should be far enough away from the blast front to be noninterfering. We set the

boundaries at 5.5 x 103 cm for the radial direction and 1.035 x 104 cm for the

axial direction. The fine grid in the radial direction contained 140 out of

200 total zones, each 5 cm in length. The largest zones initially filled the

right section of the grid and were 80 cm in length. A smoothing involving 40

zones was performed between the region to guarantee that the zone sizes varied

slowly. In the vertical direction the fine grid contained 75 out of 150 total

zones, each 5cm in length. Beyond that region the zones increased geometrically

by a factor of 1.112.
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Placement of the fine grid at the origin (ground zero - the point at which

first reflection occurs) was determined to be optimum for capturing peak pressures

in the airblast wave front. Thus, as the expanding wave moved along the ground

surface, the fine grid was always locked to it, and each point along the incident

blast front encountered the same spatial gridding as it approached the ground.

By treating each point of the incident front in the same manner, we insured that

the calculation was internally consistent and that the computed transition point

was accurate to within the limits of the resolution. Finally, we point out that,

as a section of the incident blast wave propagated within the fine grid, the

wave steepened. The size of the fine grid was sufficient to insure that the incident

wave had reached the maximum steepeness prior to intersecting the ground.

The initialization provides a strong shock with Mach number MI = 12. This

speed and the need for restart capability led to the choice of 200 timesteps

as an interval for the spatial display ("snapshots"). The dump interval that

resulted was -At = 0.3 milliseconds. These dumps were stored on magnetic tape

and postprocessed.

Additional diagnostics were implemented in the calculation. Stations were

created to gain information from fixed spatial positions within the calculational

grid. These 25 physical variable sensors were placed along the ground and stored

values of the energy and mass densities and velocity for every timestep. From

this information one can construct static and dynamic pressure curves.

III. COMPUTATIONAL DETAILS

The evolution of the nuclear HOB flow field was modeled numerically with the

FCT code FAST2D (Ref. 7). FCT yields accurate and well-resolved descriptions

of shock wave propagation without the necessity of a priori knowledge of the

essential gasdynamic discontinuities in the problem. Additionally, the code has a

general adaptive regridding capability which permits fine zones to be

concentrated in the region of greatest physical interest while the
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remainder of the system is covered with coarse zones. Figure 3 depicts the grid

setup initially and at transition to the double Mach stem structure. The rezone

algorithm is programmed to track the Mach stem with the fine grid.

The transport algorithm used a low-phase-error phoenical FCT algorithm in a

model called JPBFCT, an advanced version of the ETBFCT algorithm described in Ref 1.

The linear part of this algorithm is fourth-order accurate spatially in advection

problems with a given constant velocity and has a (nonlinear) flux-corrected

antidiffusion needed to model shocks correctly. Finally, the transport subroutine

is written in sliding-rezone form, which means that the mesh at the beginning and the

end of the timestep need not be the same. Since the algorithm is one-dimensional,

timestep splitting is employed to solve the 2-D problem.

The fluid transport routine JPBFCT is fully vectorized and requires about

2 ps per meshpoint-cycle. This time would have been still less if a vectorized

fully two-dimensional routine had been used, since the 1-D loops are too short to

permit full advantage to be taken of the vector capabilities of the NRL ASC. The

table lookup in the EOS was also fully vectorized, so that pressure calculations

required about 20% of the time needed for the hydrodynamics. These two items

took up nearly all of the running time in the blast calculation itself. The cost

of initialization was negligible, but the diagnositics cost up to 30% as much as

the hydrodynamics, depending on how many of the various possible quantities were

actually plotted. This latter number would be greatly reduced if the plot routines

were fully vectorized.

A version of the AFWL I KT standard (Ref 8) was used to initialize the energy,

density and velocity (flow field) at 3.76 milliseconds. The corresponding shock

4
radius was 103.9 ft (31.69 m) peak overpressure of 1645 psi (1.134 x 10 K Pa).

Because some areas of the grid were very coarse, interpolation onto the grid was

performed. After the 1 KT flow was laid down inside a radius of 104 feet (31.7 m)

the fine-zoned grid was activated to follow the peak pressure as it moved along

7
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the ground surface, modelled as a perfectly reflecting boundary. This region

comprised 140 zones, and a switch was set to keep 40 of these zones ahead of

the reflection point. Permeable boundary conditions were used on the top and

right edges of the mesh; i.e., density, pressure and velocity were set equal

to ambient preshock conditions. Reflecting conditions were applied to the

left and bottom.

The timestep was recalculated at every cycle according to the Courant

condition

(Ax i 'Ay)

dt = 0.5 min iTjj )
1,J ij(1)

where c is the speed of sound and IVI is the modulus of tuae flow speed. This

could have been relaxed somewhat by allowing violation of the local Courant

limit at points ("hot spots") far from the region of chief physical interest.

The total elapsed time in the 2-D calculation, 7.6 mns, required 5600 cycles.I

Three types of diagnostics were employed, all in the form of plots made

by post processing a dump tape. The first type of diagnostic consisted of CRT

contour plots of density and static pressure, and arrows indicating the magnitude

and direction of the velocity field, obtained at the dump intervals (every 200

cycles). The second type was pressure-range curves at z0O, obtained by finding

the pressure peak(s) along the ground at each dump interval and hand-plotting

them on the same graph. The third type consisted of pressure histories at a series

of 24 stations, obtained by saving the energy and mass densities and the veloci-

ties at every cycle.

IV. RESULTS AND PHENOMENOLOGY

This calculation has been done to understand the violent effects of 1 KT

of energy being released in the atmosphere at a HOB of 104 ft (31.7m). A strong

spherical shock is created in the surrounding air, and' reflects from the grcund.
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The outward-traveling airbiast is then conposed of two parts: one reflected

upward approximately normal to the ground, and the original spherical blast.

The peak pressure is coincident with the intersection of the two waves. This

intersection continues to move outward until the angle of the spherical shock

with respect to the ground reaches a critical value and the transition to a

double Mach stem occurs. As shown by Ben-Dor and Glass (Ref. 9), this angle

depends upon the incident strength of the shock (Fig. 4). Shocks with Mach

numbers greater than 10 are not shown. Initially, the Mach number for the HOB

simulation is well above 10. The Mach number at transition is approximately

11 and the angle is less than 50 0. From Fig. 4 the corresponding region is

double Mach reflection.

Figure 1 has been labeled with the notation of Ben-Dor and Glass (Ref. 9).

It should be noted that what is generally regarded as the second Mach stem

is in fact the second reflected wave, which is part of the second Mach struc-

ture. To be consistent, one must label the second Mach stem as M Iat the

indicated location. The definition used is the state of the fluid one

obtains by passing through one shock wave (M 1l) or two shock waves (R andR )

The first reflected wave R becomes the incident wave for the second Mach

structure. Density contours are shown in Fig. 5 for an planar shock on

wedge with a Mach number of 7 and an angle of 500 The complimentary

figure ill~ustrates the proper labeling of the multiple waves. Comparison

of Fig. 5 and the HOB simulation (Fig. 6) shows that corresponding waves

can be identified. Differences between the planar shock on wedge and the

HOB can be explained in terms of the unsteady nature of the HOB case (a

spherically expanding wave that continuously decreases in Mach numrber and

angle.) Although the term irregular Mach reflection has been used to

describe the complex shock structure that evolves from HOB events, we believe it

to be very regular and explainable as a double Mach reflection that evolves as a

function of time.

10
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The HOB numerical simulation begins just before the shock first reflects

from the ground. As a summary of how the flow field then develops, we pre-

sent snap-shots at the important stages. (A more complete display is presented

in Appendix A). Figure 6a indicates the pressure and density contours

and velocity vectors at t =3.18 ins. In Fig. 6b the reflected shock is shown

moving upward, the outward flow begins to stagnate at the ground (transition).

Fig. 6c, at t = 5.99 ins, shows an enlargement of the shock front, and the development

of the Mach stem, slip surface and second Mach stem. The angle of the shock

with respect to the ground is increasing with time, so that the effective wedge

angle is decreasing. From the work of Ben-Dor and Glass one expects a transition

00

45 0and the shock front has entered the transition phase. Figure 6d shows the

fully developed shock structure at 7.79 ins. Toeing out of the first Mach stem

can be also seen in the contours of Fig. 6d and occurs as the fluid rolls

forward where the slip line would otherwise intersect the ground. The velocity

field in Fig. 6d also shows this detail.

Note the reflecte~d shock properties (that part of the structure that contains

the second Mach stem M 1). The reflected shock propagates rapidly through the high

temperature fireball, due to the high local sound speed. The shape of this reflected

wave is a primary difference between the HOB case and the planar wave on wedge case.

The other major difference, of course, is the spherically expanding blast wave which

decreases in strength approximately as r -

13
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An effective way to quantitatively evaluate the calculation and observe

in detail the transition to a Mach stem regime can be seen by examining the

station data. The station sensors were placed in the bottom row of the cal-

culation 100 to 200 cm apart. In Table I the maximum pressure recorded for

each station along with the location can be found.

Besides giving a reliable value for the peak pressure to be used for

constructing the pressure-distance curve, these data allow one to see effects

fixed in space but varying in time. Figure 7 is a superposition of the pressure

profiles from stations 15 to 24 (the transition region). Noteworthy is the

profile from station 17, which is the first stdLion to record a second peak on

the back side. At station 19, 200 cm further away from ground zero, the second

peak is almost equal to the first. The visible transition (as seen

in Fig. 6b, occurs at a ground range between 3100 cm and 3300 cm (stations

19-21) revealing a dominant second peak and a "first peak" (i.e., first

seen by the sensor) that is about half the magnitude of the second. TheI

second peak does not exhibit a sharp almost discontinuous rise and then a

rapid but slower decrease along the back side. Instead, it has the appearance

of a density compression. This behavior has dramatic consequences for mi-

litary planners because the pressure-distance curve is modified e~nd the

dynamic pressure is enhanced.

The analogous profiles for dynamic pressure are presented in Fig. 8.

Again data from stations 15 to 24 is utilized. The development of the

second peak and its correlation with the Mach stem formation can be observed.

There is, in addition, a noticeable increase in the first peak values (station

15 to the maximum at station 18). After the structure becomes visibly

resolved (station 20 and beyond) the second peak resembles a rounded profile

suggesting the formation of a stagnation region behind the first peak (Maclh

stem).

15



Table 1

Station No. Location (cm) Time (sec) Pres (dynes/cm 2

1 2.0000E 02 2.25E-04 8.11E 08
2 4.OOOOE 02 2.80E-04 7.92E 08
3 8.OOOOE 02 5.28E-04 7.17E 08
4 1.OOOOE 03 7.23E-04 6.73E 08
5 1.2000E 03 9.54E-04 6.24E 08
6 1.4000E 03 1.23E-03 5.65E 08
7 1.6000E 03 1.54E-03 5.21E 08
8 1.8000E 03 1.91E-03 4.70E 08
9 2.OOOOE 03 2.34E-03 4.54E 08

10 2.2000E 03 2.81E-03 4.14E 08
11 2.3000E 03 3.07E-03 4.03E 08
12 2.4000E 03 3.35E-03 3.92E 08
13 2.5000E 03 3.62E-03 3.82E 08
14 2.6000E 03 3.88E-03 3.73E 08
15 2.7000E 03 4.19E-03 3.37E 08
16 2.8000E 03 4.48E-03 3.33E 08
17 2.9000E 03 4.79E-03 3.05E 08
18 3.OOOOE 03 5.11E-03 3.01E 08
19 3.1000E 03 5.41E-03 2.33E 08
20 3.2000E 03 6.06E-03 1.96E 08
21 3.3000E 03 6.49E-03 1.79E 08
22 3.4000E 03 6.82E-03 1.87E 08
23 3.5000E 03 7.28E-03 1.85E 08
24 3.6000E 03 7 .73E-03 1.69E 08

16
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Finally we consider the pressure-distance relation for the HOB case.

In Fig. 9 we compare the results of the numerical simulation with the data

of Carpenter and with empirical analysis. Carpenter's data are based upon

careful HOB experiments with 8 lb PBX9404 spheres. The empirical analysis

was based on a 1 KT nuclear free air curve and HOB construction factors.

The calculated values in the regular reflection regime are 20% low, which

may be attributed to a combination of FCT clipping, the resolution of the grid,

and inaccuracies in the initialization of the flow field. During and after Mach

reflection, the peaks remain low until the Mach stem structure has grown large

enough to be resolved on the mesh. By the time it occupies a region of 15 cells

high and 35 cells wide, the peak pressures are in good agreement with the HE

data and the empirical analysis.

Other attempts to model the transition region have been made. Needham and

Booen (Ref. 10) present results of a 1100 lb pentolite sphere at 15 feet HOB. The

general phenomena of the flow field can be seen from their simulation. When a

pressure distance curve is constructed from this calculation, one finds that in the

regular reflection region their results are 15% to 30% high relative to theory.

After transition to double Mach reflection the first peaks are 20% low while

the second peaks are 40% low (Ref. 4).

V. SUMMARY

The airblast from a lKT nuclear event at 104 ft HOB has been numerically

simulated with the FAST2D computer code. The results give insight to the

formation and subsequent evolution of the Mach stem, the triple point, and

the contact discontinuity. The transition from regular reflection to double

Mach reflection is predicted. We suggest that the first signal for

19
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transition is the appearance of a second peak behind the shock front due to

stagnation in the flow. Comparison with the pressure-distance curves of

Carpenter and Kuhl indicates agreement within 20%. Both first and second

peaks are predicted with similar accuracy.
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APPENDIX A. DETAILED TIME HISTORY OF CALCULATION

The following figures comprise a temporal history of the numerical

simulation. Each page contains pressure contours, velocity vectors,

density contours, and the corresponding grid for a particular time.

The series begins at to 0 (t, = 3.76 ms) and continues to t F  8.28 ms.
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I kt AT 104 f t HOB

TIME =1.05 msec

CYCLE =1200

PRESSURE VELOCITY
2910

DENSITY GRID
2910

Ej

C-) -1

0 0-50 
030

RADIUS -cm RADIUS -cm
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I kt AT 104 f t HOB

TIME I 42 msec
CYCLE z 1600

PRESSURE VELOCITY

291 ...... .. .. .. .. .. ........

0

DENSITY GRID
2910 -

E

t

0 3500 0 3500
RADIUS -cm RADIUS -cm
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1 k t AT 104 f t HOB

TIME = 1.80msec

CYCLE =2000

PRESSURE VELOCITY
2910-

0

DENSITY GR0I
2910C

D

0

0

0 3500 0 3500
RADIUS -cm RADIUS -cm
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I kt AT 104 f t HOB

TIME =2.20 msec
CYCLE =2400

PRESSURE VELOCITY
2910

.. . .. . .

0

DENSITY GRID
2910

E

Li

01

0 3500 0 3500
RADIUS -cm RADIUS -cm
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1 kt AT 104 f t HOB

TIME 2 .81msec
CYCLE 3000

PRESSURE VELOCITY

2910 - - - _ _ _ _ _ _ _ _

E

U'l

I-W



I kt AT 104ff t HOB

TIME 3.2 4msec

CYCLE 3400

PRESSURE V ELOC ITrY

833

B 33 ~ DENS ITY 
RI

E

2000 3000 2000 30

RADIUS -cm RAMIS -cm
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ikt AT 104 ft HOB

TIME z 4.10msec
CYCLEz 4200

PRESSURE VELOC IT Y

: -'"' ......................... .

--

833 DNSIT GRI

- ... ..... . . ...N N S .SN.N....

-DIUS-S RADIUSN~NSNNNSN N NcN

33\SNNNNNNN\NNNNN



I kt AT 104 ft HOB

TIME = 4.54msec
CYCLE = 4600

PRESSURE VELOCITY

833

/ / .. . .

E

3833

0 ...... ------N ----

RA IU -c RA IU -c

E ,, ,34



1 kt AT 104 ft HOB

TIME =4. 99msec
CYCLE =5000

PRESSURE VELOCITY
350

E

Ld
0

DENSITY GRID
350C. .... .

-- 4

0
2800 3220 2800 32

RADIUS- cm RADIUS -cm

35



1 kt AT 104 f t HOB

TIME =5.47 nisec
CYCLE= 5400

PRESSURE VELOC IT Y

350

* . . . . .

.. . .. . .. . . ... .. .. .. ...

. ~. .

F-

0

DENSITY GRID
350 . . . . . . . . . . .

E

I t I

0
2900 3320 2900 2

RADIUS- cm RADIUS - cm
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I kt AT 104 f t HOIB

TIME =5 99msec
CYCLE% 5800

PRESSURE VELOCITY

350

.. ... .

0,,,

37

Id I
T T .I I I I I I 11

I- I I I I I T
I/
I I I I I I l I T 1

E
I T 1

IdJ

C)7

2900 3320 2900 3320
RADIUS -cm RADIUS-cm
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1 kt AT 104 ft HOB

TIME z 6.26 msec
CYCLE= 6000

PRESSURE VELOCITY

350

E%

0

DENSITY GRID
350

4
ui1

-J-

0- 445_ ,-

3150 3570 3150 37
RADIUS - cm RADIUS -cm
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1 ki AT 104 ft HOB
TIME =7 05 msec
CYCLE= 6600

PRESSURE VELOCITY

35C -. . . . . . . . .

.............. .... .. .. .. ...

. . .. . . . . . . . . . . . . .

.. . . .... ..
n -. . . .. .. .. ....

0

DENSITY GRID
350. .. .

1E1 1 li - - -
ILi T I I

0
D

0 ,
3250 3670 3250 3670

RADIUS -cm RADIUS* cm
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I kt AT 104 ft HOB

TIME =7. 39 msec
CYCLE= 6800

PRESSURE VE LOC IT Y
417

E.-N .N .N .N .N .N .N ~ .~ .N

C)...NNN ... N....NN N .N

0% N .N .N .N .N .N .N . . .N .N

I4-

4' ~~N ~ N. r.N .N .N~

N.4 A.N

LLai

0
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I Ic? AT 104 f t HOB
TIME =8.2emsec
CYCLE- 7200

PRESSURE VELOCITY

358

w ~~- - -~ - --- -. - - . . .

0

..................................................

35811
........................................................

..............................................

..............................................

7......................... ...............

0J

~3540 390 54 3970
RADIUS -cm RADIUS -em
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U~PAP.TMENT CF AQ'4Y

niQECTP:Q
I3MO ADVANCED TECHJNILrrY Ce'! JE
DEPARTMFNIT (' THr A*omy

HUNITSVILLEg AL 151,C7
OICY A'rTN ATC--T
fliCY ATTN ICR'tMW91-Y
OICY ATTN ATC-T

CC' !A MAND E
VMM~ SYSTr-kS CC"'AAN,l
0FPAPT%!E1,T OF TFw- PvJY

HL"ITSVTL1%, AL 3cWOC-
OlrY ATTN 94'SC.-1 -
01CY IXT TNK 31U S C~. - F lEKAL9
OlCY ATTN g81flcr P Wt.I

CHTCF Fh FNGINF t'S
r)EDAPTMFNT OF T~c AD"'~
FORRESTAL nULIL')Tp.r
WA'SH!NrTCN, DC ?1-1]4

OICY ATTN D% - 'CF r-
OICY ATTN O-C
OICY ATTN D-~k-'F-r C rY :9LOS

DEP CH CF STAFF F-:- fP'l E nL A?-S
O)FfAPTMFNqT "IF TI~c lvY
W\SHIMGTC;N',9CI

OICY AT T J r C

HA~PPY OWA"C4f) LA' ATCRTES
nEDAPTMFhNT flF TIPF ARM'Y
'73o Pn6T)FR M~IUl POAr!
ADELPHT, M*D ?I 7P3

(CNJI"DI- INNER FNV!ELCPF: ATTN: nELHr)-P9 I FOP!)
')ICY A~TTN DFLHI-I-Tt. (TFri- LIP~)
D)Iry ATTN CHIFF DIV 2C1O0
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flEPAf.Tv'NT CF APM~Y

CnlMMAWO!EQ
L) S APMY ARMAP N1 MATFPTIL DE4'TNTSS C~M~

OICY ATTN 'AA L13RAPY

'i ; AP-Y EALTST11C RFSCAPCH I.A?%
SEPDFFV PpnVI111C (rCUNV, '40 71115

,)ICY ATT,% DflAP-ELV
r. C Y ATTN) OROAtR-eLT J Kr;F-FZ
OlCY ATTNj OP04P-TSF'-S (TFCP. 11-3)

rrkMAflFR ANI Ql' FCTCP
ii , ARMYI CrLn E '761rN PF-S P.'rP L49

Hl4~lO\?FP, N'H 0-7,t

.)ICY AT TN t T !AP Y

COMMANDE R
U S AP'AY C%?CEnT S 'ANqIYSV S -AGf'JCy
ql2O) VWCf)M~3NT AVFK!.ir
PETHESOA, "D?))~ 2 T4

OICY A TTN C SSA - 'AO L ( 7 FTH L T3

11 S AP'4V rCNSTPJCT!C'N' C,(PG 1PFS LAB
P 0 BrlX 4fO5
CHAMPAT(Th1, IL 6 1 S''f

OJCY ATTN I-rqPtcY

U) S ARMY FNJGINCEFw Cr-NTC
FO'RT FkFIVryT~ VA 2i'O'C

OlrY AT TN TEcrV-I Cit t. 13 APY
OICY ATTM AT?PA
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rF-paDT"F'Ir OF ARM'Y

fl!vISON ENJG1NErr
U S ARMY EKIGI"%O ')TV HLI'TSVILLE
P 0 B~OX 1500, WAFcr STAT TCKN
HU!'TSVTLL17, AL 'Aa:

OLCY ATTN HN'iOF' S-

flVqFC P'0

'S APmV FNGO 4 T r:AAYS FX')FP STATIONh
r) Afl It- 31

VICKSP.9'G, T;5 IC0QO
01CY ATTN J 7FLASWC
fliCY ATTN WSSSI J JACXSCls
OICV ATTN J STrVNNCF
OICY ATTN WE'CSE L INcPA'!
OtCY TT-N LTPPAPY
OICY ATTN V'rS;A W FLATHAU.

COPMME)N F P
U S A R,"Y FOPF1',*' SC1lFtCF r, Tr-C4 CTP
2?0 7TI4 STPEFT9 F
CHAPI!01TFSVTLLP, Vt 22c01
OICY ATTN OPYIT- !C

CO MMANn ER
U S AFVY MATEPIMA F mF-NT RSCH CTR
WATFDTr't,, MA 0717'

(AnopFss CNWCT: ATTN~: OPCtJMENT CONTPOL Fr,'R:)
OICY ATTNI T~C?~jCI'L L!RPARY
OICY ATTN DQv~'-TE Q S'-rA
OICY AKITtN nQXP1r, J ? SC' 1I

CO M 'AM OF P
U S AR'4y MATr~ItI. ')Fv & pF flivr-r~ CmV)
5101 FVSFNHCIF'1? 5VFNIF
ALEXA'IfPIA, VA 22-41-

OICY ATTN DPCC'c -C t FLYNN
OWrY A TT 140 fVY! 9 I I (TrCH L113) UICL nK:Ly
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rECAOTF'NZT CF ARMY

CCMM"ANq) SP
1.1 S ARP'Y .S1 Cvr
REDSTO'11 AR.Sr-t U1, 1~L 5'1Q

OICY ATTN PSIC
OlCY PJITT,%J 9FR'"1-x

Ui S 8.RMV 'VFQT ITY FCL !" FF C'4rO

(CNIfI 'T' AP-Mv 'eAT DEV P PE.AL)NESSS Crl"v.'AN.O)
SICY y TT l' "~~ (TFCP LUA)

U 1; AQV~Y 'uVCLF5J' E (1-FVCAj ArjEq1Cy
7500) 13ACKLICK Qr~c,
R'IILnlNIG 7071
SOP TNGFV~l-, %./A I?21

OIY (DEST')rE' LY I CY T,) LIBPAPY)
,IYATTN J (J15

OICY iATTf LlP''Y

Ui S APM~Y W4AR Cr-lE
C.MLIS1E @P p-t'K,, PA 17ii'

OICY ATTN L1P'7'NtVJy
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CEPAOTNFNT CF NAVY

C M MA NOV P

((7!wt)f C~AY ATTK 'IQS. 4. PIPKHEVr) CCDE 5815.6)
O1.CY ATTM C'1flF 142-3 (Lt.PV Y)

CFF 1CER-IN-C'ARE
NAVAL CIVIL c' iT% EPIING LA9rPATfRY
PnqT HIIFNF'P, CA 13041

0 ICY ATTA! CODE t.5? J FC;ZFST
f)ICY ATTN Cn')F LCeA (L!?PAIY)
r)IC Y ATTM rn)F- L51 J (rAV-Frr-
01CY ATTN L5! 0 JPHP

rCM MA NOV
!"MA'L ELECTPr 'fr rSSF,'.S CfJmAN4D
4ASH!NGTON, rr ?116G
0EVY ATTJ D'! 111-21

CflMMANIER
NA.VAL FMMILTTIF:S F\CINEFFIUG C00'PA'4
WAHINp3TON# PC 2)--110

OICY ATTN! C'n"F 1)49

HEACQUARTER S
NAVAL MATEP! L rr"v'Akf)
WfiSH!NGTCN9 O9C 2 m ' f,

0EVY ATTM "',T OOT-2?

COMM4ANDER.
fNMVAI OCEAN SYSTF%1S CFKITFD
SAN 'JIFS0, CA 02197
OlCY ATTN CO"IF il E CCr'PFP
OICY ATTM Cf() 4471 JTFCH LIB)
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('FPAPTM FNI CF NAVY

SUMrcP INTENDENT
NAVAt POSTGRAO'JATF SCHnf-t
ICNTFREY, CA q3941~

IDESUOFS %:C rNACT rIIIIJS
01CY ATTN Cr')F 14?4 LIPCAOV
OICY AT T N G L I "1) 5Y

CrOMMANDiN!G fFFICr0
NAVAL PFSFARCH ! AC-)RATVVl
WASHING.TOM9 DC 2ri7q

(RD Ff' ATTN! CoCE 1221 F!?P E F9?, ATTIM COD)E 26?8 FOR)
01CY ATTN Cn0F 40-10 Ji APTS
OICY ATTN MIlF 7627 (TECH 11B)
OICY ATT!,3 CP9E 4C4C ! jflfK

C13MAND)ER
NAVAL SEA SYSTF'AS CIPAND
WAS4INGTOV, DC ?036~?

OICY ATTNJ Sl=A-PlCf (LIP)
OICY ATTN SPA-01 1

OFFICER IN CHAorsF
NAVAL SURFACE WFA 0 ?VS CENTF-P
WHITE OAK LAnflATr"'Yv
SILVEP SPRINV. t mD ?cC1CI

OICY ATTN P44 H CLAZ
11CY ATTN cnOr 7-21
OlCY ATTN Cnt )E Y~ll (TE(1 118)

COMVMANDER
NAVAL SUPFACF WFADO2NS rFNTr-t'
OA'HLGPEN, VA ?2&49

f)iCY ATTP4 TFECH L19PA'CY Jr INFO SVCS SR

PRE SUENT
NAVAL 14AR CCLlcF
NEWPORT, 01 o?qlin

.)ICY ATTN' CrnfE E-I (TrC SER!E
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CF~D&QT4MENT CF NAVY

NAVAL Wt NPVNS CEVTEP
CL41NA LAKE, CA C39j5C

OICY 4TTN CTMF 3?')! p CrPCLC-
OICY ATTN Co'nE 266 C AUSTIN
OICY ATTN CflI)F ??l (TrrH I 113)

COMMANDIJNG fFFICFP
NAVAL N.EAD0ONS EVAL'-AT!r2NP% FACILITY
KIRTLAW) AIR FO)RCE PASF
AL BIJQlIJEP'!JE, Mm~) P7117

OLCY ATTIN R !ILP"PE5
f) C Y ATTN rODF IC (TFCHJ ITS)

OFFICE VF NAVAL PFSEAPCF-
APLYNGT11N, VA 22211

OtCY ATTN Cflflr 474. M~ pE-o'NI

PIcc!CF CF TPEJ CHIFF CF 'JA"l. nPFRATTCNS

WASHINGWr~ nc fl 35C
OICY ATTN nD~ S-U
OICY ATTN OP 01r

fTRErTCR
STPA1EGfC SYSTr%'S PlPCjr3(T rFFICF
flEPAPT'JEf4T OF' T~.f mtI'~oy
WASHINGTONt, DC 20176

OlCY ATTN NSP-272
DICY ATTN MSP-47 (TF~- LI0 )
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rFPAPTMFPIT Cc THE AIR Pfl'CF

AIR FCqCF Gc"HYSTC S L.ABCRA TrJY
iANSCOM' Ar3, vA 11731

0lCY !ATTP' Lw'*l ' Ti~r.YPSflN

AllV FO'RCE !NSTIT'TF OF TECHN~f'LnGy
AIR IINITVERSITY
WQItjr-1)AYrTCQ'Th WP, --1 454331

ffOnS 'TMCT flESIPF CLASSIFIE0 rOflC'IMFITS)
OICY ATT"' I TPOAD'Y

HE iDOP!.AP TC S
Ur" FCRCF SYSTF:AS CCPMANfl
ANDREW', AFE~, 'X 20334

01CY ATTNI rOL4,m
OICY ATTNI O)LY

AIR FrR~CF WFA.-0-1-IS LAPCPVTflPv, Ar-SC
KIPT LVI) AF9, N' 67117

QICY ATTN1 NTES-C- R tiFN~v
OICY AT TN-, NTF ---!
OICY A TTN NTED q MtAL!ICC T
QICY ATT-N MTF '. PLAMCNOC
OICY ATTN NT P PAYTVN
OICY ATTN N TF')- .
OICY ATTN "ITr S-G
()1CY AT TN Y. JL
OICY ATTIN Of)y
OICY ATTN 1NTcS- S
0QIfY ATTN NT c l.
0lCY iTTN? rOpY

DI ~cC Tfl
AIR UNIVERSITY L!RPAVY
rFDAPTMFNT OF TI-F AIP Pr-ocr

MAXIWL PFB, AL 3611?
(r,ESIPFS; NC C"".171)

OIC Y ATTN AIJL-t.SE
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rFcAQTMr-NT rF THE AIP FCPCF

ASSISTANT CHIEF !-F STAFF
INTEL LIGECFICE
nFPAPTM4E'AT (IF THF 410 crC'AC
WASHINr;T(W, , C 2O00
OICY ATTN 1% W-1'i~

ASTIrANT CHIEF yr STAFF
STUDIPS & ANJALYSFS
PE')AOTMENT OF Tf4F AIP vrQCE
WASHINGTON, DC ?O ??O

OICY ATTN AF/SA-I (TVCH LIBI

ASSISTANT SECRFTAPY r'F THr AF
PESFA'PCH, DEVELr ' PVrNr n Lr)GISTTCS.
DEDAPT'4F&T nF TlHF A!I' F;17RCF
WASPINGTO , IC 21~33^

oLCY ATTN SAFALD/CED FOP STRAT SDArE SYS

BALLISTIC LI!SSILF ')FFICF/'iN
AIR FCIPCF SYST T'M CCvfvtANC
NORTON" A!7, CA 9?40Pg

(MIIJ'r'-MAN)
QICY ATTN "INNYH "D IALAN5S<Y
0O1C Y ATTNJ MMN))eHM kF-LVECCHir
OICY ATTN fuNN w CFPEBTPPF
OlCY ATTN VNP'XH 0) GAGE
OICY ATTN 14mNN

OFiOITY CIE~F nF STACF

nFlART%~:N? nF T ~ ATP FfrPCr
V'ASMIlr§TVFc, DC 2? if'

O1CY ATTN4 AFcnij[ N ALFYA4 Drw
OICY ATrN3 lroD,l

1C.Y ' TTN AFPO-()[
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CFPPT'FNTOF TPF AIP FCPCE

DEDJTY CHIEF rlF rsTPFF
Lr'VUSTICS & EWNIFVRPlN
D*rEPAPTMENT nFl THF AID' FrrPC
WASH!MGTCV, D( 2033C
OICY ATTNI LEFF

CC MMA%'D ER
FO)REIGN TFCHNOLry CI'jSI'J', PFSC
WRVHT-PATTEPSy'-h AFF, ('I- 49443

OlCY PATTN N115 LIAPAPY

C C~'A M A,,, nER
P n9AF A IQ DE VE L'P VF M T r~ F r A F C
GRYFFISS AFB, NY 1344 1

(C-ESIPFS V:C C'IrT)
#)lCY ATTN TS~r

STRATEGIC AIR COl~P.NC
D)F!APT%!ENT fFTHF IvlC.
OFFUTT AFB, NB 6A 112

OICY ATTN NP1-';TINFr LIPtV
OICY ATTN XPPS,
OICY ATTN TNT J V'C'INNEY

VELA SpISvnLnGclc~. CF TrP
312 %IQNTGnM~ERY STPPF7
ALEXAMD!RA, VA 22314

OICY ATTN G '1110 ICIF
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( EPA!)TWP.NT OF Ep~rRGY/l'E CONTRACTORS

DEPAPT"FNT Or ' rprY
ALL~lFPl Pn[ATTC1 S ,-rrTrr
P r HOX 40

O!CY ATTN rT~n

!)EPAPTPAP'T fF E-'lPf-Y

OLCY ATTN CUW.RCE7

DEPA.TP5-10T OF E"!FPGY
NEVADA nPrPAT~r'%lS OFFICE
P 0 BO'X 14100)
LAS VE(AS, %V 1911.4

OICY ATTN "AIL & PECOPFIS F'IQ TECHNICAL LlePARY

LA'-NPENCF LIE PFNAT Trfl IMA3
p0 BOlX eoR

LIVERM'IRE, CA 94550
O1CY AT TNI I -- C R C 1
OlCY TN T l1 -?(15 J HFEAvST (Cl-ASS L.-?')-)
QICY ATTN L-('r r) P:OPPTS (CLASS L-504)
01CY ATTN L -7 J K A F7,1

11C Y ATTN 19 DI S - N
QICY ATTNI L /t37 R SCHCC(
OLCY AT TN T F CINCAI !Nr-O fl~'T. LTP"APY
Olr.Y ATTN L.-2CO T B[T~rVl(']

L"S ALMIrS NAT !r .AL S-I FNT FTC L A1
"AlL STIT'rOJ c*r)O)
P -9 BOX 1661
LOS AL.VAOs, P!4 P7545

(CLASS!FTFCr NIy Trl %AL STATICNI 5000)
OICY ATTN P !JFTrAWFP

OlCY A7TN C KELLFP
OICY AT TN TA14 '7 -T J"
OLCY fTT(N "S '4f (fl..ASS PFO0' TS L I il
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nF PAQTMF,4T OF Ft 'JFRGYI!D0F CONTRACTORS

LOVELACE PjiP r)IC L ~
FN\'IplNM~r~~ ~'C- IS1TTF, 1.4C.

P 0 ROY q990
ALUQ)FPr)iFt N" P71 15

OICY ATTN P .JCINcS (UNCI. CNLY)

flAY. Plr)CF NATVTO'tt LtOCOATnPY
NICLEAR DIVISIfMI
X-'10 LAO PECripflS flI TSTflN
P o Pflx x
cA,< Pincr-, TM 731r)

OLCY ATTN C!VIL 'DEF PFS PPOJ
OlCY ATTNJ CEtI T

OAl n0 rH LTPRAflY

CAIDTA LABORATrpTrE.

P 0 EIX 506

S lCYD AJ TTIN ALI Ai9

(lY ATN ORGAS A?5O Srr r-NPL CFR

OICY ATTN A (ThA,31A
'n1CY ATTN W P!rHFPIY
OlCY ATTNI 314!
OLCY rT N L VrPTMP!
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flFPART'FMT CF OEFENSr CCNrPACT~lqS

AC'PMEX 1reP.
4R5 CLYOF AVFv'W
?0CO.NTAIIN VIC:W, CA 0404?

01CY 4TTN C YFrLF

AEROWSPACE C000'.
P V, BOX 9?tq57
LOS AN.GFLFc, CA q~0OQ
f) 1CY ATTN H 'Pt
f)1CY ATTN Tr-C'4'ICAL TNFrP.'ATIC!N Sr-0tr-.ES

AGBABIAN ASSflCI'VrFS
250l N INASH STOPPT
EL smGiNrmql CA 90?45

OlCY ATTP4 11 AGBABTAN.

ANALYTIC SEPVICFES, INC.
400 AP'4Y-NAVY r~I"/
ADLIrNrTrP , VA 2??2

0lCY ATTN f, HSSFL8ACVHc

APPLIEDO FSEAPCH AssrcCIATFS, INC
2601 WYC'4ING BUL'",.IF 5'"ITF -- i
ALI3U0UER!.IF , 111- P 711 --

OlCY ATTNI J PrATTflV
OICY ATT'lN)~ 1VI~

ADPLTIED THFflpy, INc.

lnt') WFSTwrr"o PLvr
Ll-S ANC)FLES, CA c;'n?4

(7 CYS IF tV'CLA'SS r'o I Cy rF CLASS)
OlCY ATT'll J To~t !r
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rFPATA ' DEFFN!S7 CENTDACTnRS

APT~C 4SSfCIATc, J C.
'6046 EDF ' LAN" TNG PCro
tjAYWAPn, CA q9494~5

ASTRON PESAPCH & N-tFEIl'
1901 OLD MID0rLFFT'rIIC ..Ay q~l5
100NTAIN VIEW# CA 9A)L.3

OICY ATTN J f4U'AITTPJ(TCN

AVCnO PESFAQCH E SYSTF~uS C(Tr,"P
?01 LOWELl STREE T

WILMINGTON, "t 118,11
OICY ATTM t.I8PPY -AP3O

8DM COPP.
7915 JOV!ES BPANICH- rlPIVE
MCLFAN, VA ?;'10 2

O1CY 4TTN a tAVACN',PW
OLCY ATTN r ! E~rF;HPPS
0lCY ATTN Coq7prMTFlP'

Br)Nif rwp 0.
P n BVX 9?74

niCY ATTN R HENSIFV

BnE IAG Co.
P o BoX 1707

SIEATTtF, WA QP1?'4
01CY ATTN S STPAC)'
OLCY ATTN4 AFPCSOACF LIPRAPY
OlCY A!TN M/S 4?I17 P CAD1 SIN
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!VEPAPTVENT OF OEFFP!SF C(EJTRACTPRS

C&LIFCRN'I1A VESEACH F, TEr.:HNl'Pr*Yt 1P':C.
626q VAPIcL AVENCE
WOODIAtn HILLS', CA eP1367

OICY 'ATTN LIBPAQv
OICY 47TN '( KRFYEN'HAGEN
0OICY ATTN M ROSFNeLATT

CALTFPPNIA RESEI.PCH F, TFCH1V4Lrr~y, INC.
4049 FIRST STRFT
LIVrPMriRFi CA C~455

OICY ATTN 0 £ '3A

CALSDAN 1rflRD.
P 0 ROnC 4"')
WBFFALf?, NY 142?5

OICY TTN LIP-PA7"Y

OEMVFP, UNTVC" iSITY flF
COLORADO SE41NikPY
OFNVFR PFSFARCH WNSTTTUMr
P 0 BOX 10127
OENVFR, CO 8021t

(ONLY I COPY ?F CL-ASS RPTS)
01EV ATTN SEC rF~TCFR FCP J WTSOTSKI

EG&G WASH., AMMlYTj Al. SlVCS CT", I4C.
P 0 P17Y 1021P
AL93PJOIJERnLIE, %4%1 87 11 /

OICY ATTN L!PrAv
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MtATPIENT OF 0FFFNSF CrNITPACTORS

FR IC H. WANG
CIVIL ENGINEEPINIC tscH rAc
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